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Closed Integral Form Expansion for the Highly Efficient Analysis of Fiber Raman Amplifier
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The fiber Raman amplifier(FRA) is a distinctly advantageous technology. Due to its wider, flexible gain bandwidth, and
intrinsically lower noise characteristics, FRA has become an indispensable technology of today. Various FRA modeling methods,
with different levels of convergence speed and accuracy, have been proposed in order to gain valuable insights for the FRA
dynamics and optimum design before real implementation. Still, all these approaches share the common platform of coupled
ordinary differential equations(ODE) for the Raman equation set that must be solved along the long length of fiber propagation
axis. The ODE platform has classically set the bar for achievable convergence speed, resulting exhaustive calculation efforts. In
this work, we propose an alternative, highly efficient framework for FRA analysis. In treating the Raman gain as the perturbation
factor in an adiabatic process, we achieved implementation of the algorithm by deriving a recursive relation for the integrals of
power inside fiber with the effective length and by constructing a matrix formalism for the solution of the given FRA problem.
Finally, by adiabatically turning on the Raman process in the fiber as increasing the order of iterations, the FRA solution can
be obtained along the iteration axis for the whole length of fiber rather than along the fiber propagation axis, enabling faster
convergence speed, at the equivalent accuracy achievable with the methods based on coupled ODEs. Performance comparison in
all co-, counter-, bi-directionally pumped multi-channel FRA shows more than 102 times faster with the convergence speed of
the Average power method at the same level of accuracy(relative deviation < 0.03dB).
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